CP Violation in Hyperon Decays from SUSY 
with Hermitian Yukawa and A Matrices 



Chuan-Hung Chen 

Institute of Physics, Academia Sinica, Taipei, 
Taiwan 115, Republic of China 



Abstract 

We show that a large CP asymmetry in hyperon decays can be naturally realized in the 
framework of SUSY models. The possibility is implemented by the hermiticities of Yukawa 
and A matrices. And also, the observed values of e and e' are explained. 



The origin of CP violation (CPV) is one of mysterious phenomena in particle physics since 
its discovery in the neutral kaon decays in 1964 Recently, another CP asymmetry, sin 2/3, 
in the decay of B ^ J/'^Ks is observed by BARBAR g] and BELLE . Nevertheless, our 
understanding of CPV is still exiguous. In the standard model (SM), the unique source of 
CPV is from the Cabibbo-Kobayashi-Maskawa (CKM) matrix ||^ induced from the three- 
generation quark mixings and described by the three angles a, (3 and 7 or 02, 0i and 03. Even 
though the SM prediction on the indirect CP violating parameter e in the kaon system can 
be fitted well with current experimental data, due to the large uncertainties from hadronic 
matrix elements, so far it is unclear whether the result in the SM is consistent with the 
observed value of the direct CP violating parameter e' measured by KTeV and NA31 
Furthermore, the problem of baryogenesis is insolvable in the SM. In addition, the predicted 
CP asymmetry of O(10~^) in hyperon decays of S — Att — >■ pvTTr is about one order of the 
magnitude smaller than that of O(10~^) proposed by the experiment E871 at Fermilab 0]. 
Hence, it is inevitable to look for new physics which gives observable CPV effects. 

Supersymmetric theories not only supply an elegant mechanism for the breaking of the 
electroweak symmetry and a solution to the hierarchy problem, but provide many new weak 
CP violating phases. These CP phases usually arise from the trilinear and bilinear super- 
symmetry (SUSY) soft breaking A and B terms, the ^ parameter for the scalar mixing and 
gaugino masses, respectively. Unfortunately, it has been shown that with the universal as- 
sumption on soft breaking parameters, these phases are severely bounded by electric dipole 
moments (EDMs) so that the contributions to e and e' are far below the experimental 
values. In the literature, some strategies to escape the constraints of EDMs have been sug- 
gested. They are mainly (a) by setting the squark masses of the first two generations to be 
as heavy as few TeV but allowing the third one being light; (b) by including all possible 
contributions to EDMs such that somewhat cancellations occur in some allowed parameter 
space [0, |TT[]; and (c) with the non- universal soft A terms instead of universal ones. In 
particular, those models with non-universal parameters have been demonstrated that they 
can be realized in some string-inspired models |T^, |TB|, |T^, |T3|. 



Among the models with non-degenerate soft trilinear terms, for satisfying the bounds of 
EDMs, the phases in the diagonal elements of the A matrix should be set to be small in 
any basis artificially although the remaining large phases and the light sfermions are still 
allowed to explain the observed values of e and e'. To overcome this problem, it is proposed 
in Ref. |T6[ to use hermitian Yukawa and A matrices. The construction of a hermitian 



Yukawa matrix can be implemented based on some symmetries such as the global (gauged) 
horizontal SU{3)h symmetry [|r^ and left-right symmetry Although the hermiticity 



will be broken by renormalization group (RG) effects, it is shown [jT6[ that their contributions 
to EDMs are two orders of the magnitude below the present experimental limit. Moreover, 
due to the hermitian property, a special relation is obtained as 



LB. V ^^/RL ' ' 

where (5^2)^/? = (V''-'^ A^VdV''-)i2/m'^, A'^^ ^ A''-, Vd is the vacuum expectation value (VEV) 
of the Higgs filed for supplying the masses of down-type quarks , is the mixing matrix 
for diagonalizing the mass matrix of down-type quarks and is the average mass of squark 
in super-CKM basis. We note that the mixing matrix for mass eigenstates of left-handed 
down-type quarks is the same as that for the right-handed one. In this paper, we will show 
the implication of Eq. (|l]) on the CP asymmetry of hyperon decays. 
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The interactions describing \AS\ = 1 nonleptonic decays of H and A are the same as 
those for K — > tttt processes. Therefore, those CP violating effects contributing to hyperon 
decays will also contribute to e'. As a consequence, the CP observable for hyperon decays is 



limited to be 0(10" ) ^ level by the bound of e'. One way to avoid the constraint is 
that the couplings contributing to parity conserving parts of hyperon decays are enhanced 
but suppressed for parity violating ones. 

To understand the CPV in hyperon decays, we start by writing the decay amplitude as 

m 

Amp{Bi BfTi) = S + Pa-q (2) 

where Bij are the initial and final baryons, 5* and P denote the parity violating and conserv- 
ing amplitudes, respectively, and q is the momentum direction of outgoing baryon Bj. We 
note that Eq. (||) has to be multiplied by a factor of Gpml, with nin being the pion mass, 
for getting correct decay rate. For simplicity, the amplitudes S and P can be parametrized 
as 

S = J2S^e'^'^''\ 

i 

P = ^p,e^(^r+^r) (3) 

i 

where we have separated the strong phases Si generated by final state interactions and the 
weak CP violating phases di from decay amplitudes such that Si and Pi amplitudes are real, 
with i representing all possible final isospin states. The decay distribution of proton for the 



chain decays S Air — >• pinr with unpolarized S is then given by 



, dP ^ ^ ^ 

4vr— = 1 + aA^HPA ■ P (4) 

and 

aH = 2ReiS*HPH)/i\SH\' + \PH\') 

where aH{A) is the polarization of A{p) for H Att (A — > pn). According to Eq. (^), the 
direct CP violating observable A can be defined as: 



A 



^ ^S + ^A (5) 

with 

^H = ^^^ {H = E,A) 
an - an 

where an is the corresponding quantity for the antihyperon H. Although the \AS\ = 1 
hyperon decays include two isospin channels AI = 1/2 and AI = 3/2, the contribution of 
AI = 3/2 amplitude can be neglected so that the asymmetries for S — >■ Att and A Pn, 
from Eq. can be obtained as pO, 121 



As ^ -tan{62 - (5f )sm(6'f - 6*, 



2 . 

^ -tan{5^ -5l)sin{e( -ef). (6) 

It is known that the strong phases for A ^ pvr decay are 5f = 6.0° and S[ = —1.1° 
However, for the S decay, we take (5f = 0.2° and 62 = —1.7° calculated by using the 



2 



chiral perturbation theory ||2^. The result of (5f recently is confirmed in the framework of a 



relativistic chiral unitary approach |2^. Due to the small values of (5f and 82 , consequently, 



the CP asymmetry of S is smaller than that of A by one order of the magnitude. Hence, 
in our following analysis, we only concentrate on Ap^. To estimate the weak CP violating 



phases 9^ and 6*^ , we adopt the following approximation |^ 



, _ Im[M{^^p^l)\{] 

^ ^ Re[M{^ ^ P'r)\\] ^ ^ 

by assuming that the CP violating contributions are much less than the CP conserving ones. 
Here, M.{K ^ pir) express the transition matrix elements of relevant effective operators, 
and their real parts can be obtained from the experimental measurements, with the parity 
violating and conserving amplitudes of / = and / = 1, respectively. In sum, CP violating 
phases for A — pvr decay can be written as 

ns ^ Im[M{A ^ p7r)\f] 

lA7G,ml ' 

P ^ Im[M{A ^ pn)\f] 

' ^ 9.98GFml ^ ' 

where we have used Si = 1.47 and Pi = 0.6. 

As stated early, the interactions for A — > pvr are the same as those for K — > tttt. Accord- 
ing to the analysis of Refs. [^, in SUSY models the main effects for e' are from the 



gluino penguin contributions. The associated effective Lagrangian is given by 

Ceff = Cs{fl)08 + Csilx)d8 (10) 

where the effective Wilson coefficient Cs{fi) and the operator Og are expressed by 



87r2 

CM = ^^(5^^ f-^M, + 3M,), (11) 

q * 



respectively, with 



MAx) 



1 + 4x — 5a;^ + 4x ln(x) + 2%^ \\i{x) 

, n5 — 4x — + 21n(x) + 4a;ln(a;) 
M2 a; = x^ ^-i 

Og and Csif^) in Eq. (^) can be obtained from Og and Cg{ii) easily by changing the role of 
chirality therein each other, {5f2)LR{RL) denotes the mixing effect between left (right)- and 
right (left)-handed squarks, is the gluino mass, Tr{tH^) = 5°"^ /2 and x = rri^/m^. From 
Eq. ([iTD , we see that this interaction is no further suppression from the light quark mass. 

In terms of Eq. (p!OD, we know that e' will be related to Im {5^2) lr — {^12) RL in 
which minus is from the different chirality. In general, it is not necessary that (^^2)^^ 
is the same as (5i2)_rl- Therefore, it is often concluded that SUSY models can agree 
with the measured value of e'. As for the hyperon CPV, from Eqs. (0) and (P), we get 
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91 (X Im {5f2)LR - iSf2)RL and 9^ oc -Im 



If we assume that 91 is the 
dominant one, due to the constraint of e', the CPV of O(10~^) in Eq. (||) can be obtained. 
But, if we set 9\ to be the dominant one, e' from the same mechanism will be suppressed. 
It is interesting to ask whether e'/e ~ 2 X 10"^ and ~ 10""^ can both be reached in the 
framework of SUSY. 

From the above analysis, we know that it is hopeless if the mechanism for e' and for 
is the same. However, the possibility can be realized if Yukawa and non-universal A matrices 
are hermitian. As mentioned before, such a kind of SUSY model imphes (5i2)Li? — (^i2)-RL- 
That is, e' is suppressed in this gluino penguin contribution but 9i is enhanced. To emphasize 
that both large e' and ^a can be obtained in the SUSY model, for simplicity, we adopt the 
CP violating phase arises from the Yukawa matrix and other SUSY parameters are real . 
Although this SUSY model does not introduce the new weak CP phases, it still provides an 
abundant particle spectrum and flavor physics that can be tested in the current and future 
experiments. As a result, W-boson and charginos will contribute to e'. Similar to the SM, 
by combining these effects altogether, e' can be in agreement with the experimental value 
even though it is sensitive to the uncertainties of hadronic matrix elements. It is shown that 
even using only chargino box-diagram contributions IPB], with more generic assumptions on 



SUSY models, the result is also possibly consistent with the data. 



As known, e from gluino box diagrams can give a bound on Im{Sf2) lr through Irn{Sf2)LR 
In order to constrain Im{6f2)LR directly, we consider the contributions of long-distance 

Heff {K'^) comes from the vr, rj 



effects to e, in which the transition matrix element for (K 



and 7]' poles. According to Ref. p9|, the result is shown as 



€-LD 



40y2( 



K 



TT 



;i2) 



where Aijik is the mass difference of Kl and Ks-, stands for the contributions from different 
poles and its accessible range is 1 < \uj\ < 4, Ceven{odd) denotes the CP-even (odd) interaction 
and the explicit expression of JC^odd is 



with 



PC 



Vg 



IGvrm 



{^12)^^ + K2) J xi-\M,ix) + 3M2ix)) 




RL\ ^ 3 
14/25 



-14/23 



(13) 



-14/21 



where r]g is the QCD effects |3^. For the CP-even part, we can use the experimental value 
< K^\Ceven\T^^ >~ 2.58 X 10"^ GeV^. However, for the CP-odd part, according to the MIT 
bag model we have < 7r°|£odd|-^° >~ Im{fpc)AK'K and Ak-k = 0.4 GeV^ for 1. 
Hence, the long-distance effects on e is 



^LD ~ 4.8 X lO^LuImfpc- 



Requiring the value of eio being less than 2.28 x 10 ^, the upper bound can be given as 
Imfpc < (4.7/cu) X 10-1°. 
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Due to (5i2)l_r — {^12) RL in our case, the weak phase 6f is neghgible. By using Eq. (j^) 



and the matrix element calculated by the MIT bag model pO|, |31|, the CP violating phase 
9[ can be given as 

91 ^ -4.8 X lO'lm{fpc)Bp 
where Bp represents the uncertainty in estimating the matrix elements of hyperon decays 



and the allowed range is 0.35 < Bp < 2.6 In terms of Eq. (H) and the bound of Imfpc, 
we obtain 

\Aa\ < 2.93 X 10~^T^. 

\uj\ 



Although the result is sensitive to the theoretical uncertainty, by taking a proper value, the 
CP asymmetry Aa can reach O(10~^) easily. 

In summary, it has an enormous progress in SUSY models since a nonzero value of e' is 
confirmed by the KTeV experiment. Although these models can lead to the observed values 
of e and e' well, with the same mechanism and without a further fine tuning, the predicted 
CP asymmetry in hyperon decays is below the expected value proposed by the E871 exper- 
iment. Hence, to obtain large values for both e' and ^a, the Feynman diagrams for each of 
them should be different. We show that the observed value of e' and = O{10~'^) can be 
reached in the framework of SUSY models naturally if Yukawa and soft breaking A terms are 
hermitian. In addition, once the CP asymmetry of O(10~^) is measured in hyperon decays, 
it also gives a strong evidence to support the existence of SUSY. 
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